ACOUSTIC MATCHING MEMBER, 
ULTRASONIC TRANSDUCER, ULTRASONIC FLOWMETER 
AND METHOD FOR MANUFACTURING THE SAME 



5 BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to an acoustic matching member used 
for an acoustic matching layer of an ultrasonic sensor, an ultrasonic 
transducer for transmitting/receiving ultrasonic waves, a method for 
10 manufacturing them, and an ultrasonic flowmeter using them. 

2 . Related B ackground Art 

In recent years, an ultrasonic flowmeter has been used as a gas 
meter and the like, where a time for ultrasonic waves to propagate through 
a propagation path and a velocity of fluid moving therein are measured so 
15 as to determine a flow rate of the fluid. Fig. 13 shows the principles of 
measurement by the ultrasonic flowmeter. As shown in Fig. 13, within a 
measurement tube including a flow path, fluid flows at a velocity of V in the 
direction shown by the arrow in the drawing. In a tube wall 103, a pair of 
ultrasonic transducers 101 and 102 is disposed so as to oppose each other. 
20 The ultrasonic transducers 101 and 102 are configured with a piezoelectric 
vibrator such as a piezoelectric ceramic functioning as an 
electric/mechanical energy transducer, and therefore exhibit resonant 
characteristics like a piezobuzzer and a piezoelectric oscillator. In this case, 
the ultrasonic transducer 101 is used as an ultrasonic transmitter and the 
25 ultrasonic transducer 102 is used as an ultrasonic receiver. 

These ultrasonic transducers operate as follows- when an AG voltage 
at a frequency close to a resonant frequency of the ultrasonic transducer 101 
is applied to the piezoelectric vibrator, the ultrasonic transducer 101 
operates as an ultrasonic transmitter so as to emit ultrasonic waves to a 
30 propagation path in the fluid flowing in the tube, which is indicated by LI in 
the drawing, and the ultrasonic transducer 102 receives the ultrasonic 
waves that have propagated and converts them to voltage. Subsequently, 
the ultrasonic transducer 102 conversely is used as an ultrasonic 
transmitter and the ultrasonic transducer 10 1 is used as an ultrasonic 
35 receiver. That is, by applying an AC voltage at a frequency close to a 
resonant frequency of the ultrasonic transducer 102 to the piezoelectric 
vibrator, the ultrasonic transducer 102 emits ultrasonic waves to a 
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propagation path in the fluid flowing in the tube, which is indicated by L2 in 
the drawing, and the ultrasonic transducer 101 receives the ultrasonic 
waves that have propagated and converts them to voltage. In this way, 
each of the ultrasonic transducers 101 and 102 serves as the receiver and 
5 the transmitter, and therefore, in general, they are called an ultrasonic 
transmitter/receiver. 

In such an ultrasonic flowmeter, the continuous application of an AC 
voltage results in the continuous emission of ultrasonic waves from the 
ultrasonic transducer, which makes it difficult to measure the propagation 

10 time. Therefore, normally, a burst voltage signal is used as a driving 
voltage, where a pulse signal is used as a carrier wave. A more detailed 
description of the measurement principles will be given below. By applying 
a burst voltage signal to drive the ultrasonic transducer 101 and allow the 
ultrasonic transducer 10 1 to emit an ultrasonic burst signal, this ultrasonic 

15 burst signal propagates through a propagation path LI with a length of L to 
arrive at the ultrasonic transducer 102 after the time t has elapsed. The 
ultrasonic transducer 102 can convert the ultrasonic burst signal that has 
propagated only into an electric burst signal at a high S/N ratio. This 
electric burst signal is amplified electrically and is applied again to the 

20 ultrasonic transducer 101 to allow an ultrasonic burst signal to be emitted. 
This device is called a sing around device. A time required for an 
ultrasonic pulse to be emitted from the ultrasonic transducer 101 and 
propagate through the propagation path to arrive at the ultrasonic 
transducer 102 is called a sing around period, and the reciprocal of the sing 

25 around period is called a sing around frequency. 

In Fig. 13, V denotes a flow velocity of fluid that flows through the 
tube, C (not illustrated) denotes a velocity of an ultrasonic wave in the fluid 
and 6 denotes an angle between the flowing direction of the fluid and the 
propagation direction of the ultrasonic pulse. When the ultrasonic 

30 transducer 10 1 is used as an ultrasonic transmitter and the ultrasonic 

transducer 102 is used as an ultrasonic receiver, the following formula (l) 
will be satisfied, where tl denotes a sing around period that is a time for an 
ultrasonic pulse emitted from the ultrasonic transducer 101 to arrive at the 
ultrasonic transducer 102, and fl denotes a sing around frequency- 

35 f 1 = 1 /tl = (C + Vcos9) /L ~ (1) 

Conversely, when the ultrasonic transducer 102 is used as an 
ultrasonic transmitter and the ultrasonic transducer 101 is used as an 
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ultrasonic receiver, the following formula (2) will be satisfied, where t2 
denotes a sing around period and f2 denotes a sing around frequency: 
f2 = 1 /t2 = (C - VcosG) /L • (2) 

Therefore, a frequency difference Af between the both sing around 
5 frequencies will be the following formula (3), so that the flow velocity V of 
the fluid can be determined from the length L of the propagation path of 
ultrasonic waves and the frequency difference Af*- 
Af = f 1 - £2 = 2Vcos9 /L (3) 

That is to say, the flow velocity V of the fluid can be determined from 

10 the length L of the propagation path of ultrasonic waves and the frequency 
difference Af, and a flow rate can be determined from the velocity V. 

Such an ultrasonic flowmeter requires high accuracy. In order to 
improve the accuracy, an acoustic impedance of an acoustic matching layer 
becomes important, where the acoustic matching layer is formed on a 

15 surface for transmitting/receiving ultrasonic waves of the piezoelectric 
vibrator constituting the ultrasonic transducer for transmitting the 
ultrasonic waves to gas or receiving the ultrasonic waves that have 
propagated through gas. 

Fig. 12 is a cross-sectional view showing a configuration of a 

20 conventional ultrasonic transducer 20. Reference numeral 10 denotes an 
acoustic matching layer functioning as an acoustic matching device, 5 
denotes a sensor case, 4 denotes electrodes, and 3 denotes a piezoelectric 
member functioning as a vibration device. The sensor case 5 and the 
acoustic matching layer 10 or the sensor case 5 and the piezoelectric 

25 member 3 are bonded with an epoxy adhesive and the like. Reference 
numeral 7 of Fig. 12 denotes driving terminals, which are respectively 
connected to the electrodes 4 of the piezoelectric member 3. Reference 
numeral 6 denotes an insulation seal for securing electrical insulation of the 
two driving terminals. Ultrasonic waves generated from vibrations of the 

30 piezoelectric member 3 oscillate at a specific frequency, and the oscillation is 
conveyed to the case via the epoxy adhesive, and further is conveyed to the 
acoustic matching layer 10 via the epoxy adhesive. The matched oscillation 
propagates as an acoustic wave through gas as a medium that is present in 
the space. 

35 This acoustic matching layer 10 has a role of allowing the vibrations 

of the vibration device to propagate effectively through the gas. The 
acoustic impedance Z will be defined as the following formula (4) using a 
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sound velocity C and a density p of the substance- 
Z = p x C - (4) 

The acoustic impedance is different significantly between the 
piezoelectric member as the vibration device and the gas as a medium to 
5 which ultrasonic waves are emitted (hereinafter called "emission medium"). 
For instance, the acoustic impedance of a piezo -ceramic such as PZT (Lead 
zirconate titanate), which is a common piezoelectric member, is about 30 x 
10 6 kg/m 2 /s. Whereas, for the gas as the emission medium, the acoustic 
impedance (Z3) of air, for example, is about 400 kg/m 2 /s. On a boundary 
10 surface between the substances with the thus different acoustic impedances, 
reflection occurs in the propagation of acoustic waves, so that the strength of 
the acoustic waves that have passed through there becomes weak. As a 
method for solving this, a substance is inserted between the piezoelectric 
member as the vibration device and the gas as the emission medium of 
15 ultrasonic waves, where the acoustic impedance of the inserted substance 
has a relationship shown by the formula (5) with the acoustic impedances 
Z0 and Z3 of the piezoelectric member and the gas, which is a commonly 
known method for improving the strength of the acoustic waves that pass 
through by alleviating the reflection of the sounds* 
20 Z = (Z0 x Z3Y l ^> - (5) 

The optimum value satisfying this condition where the acoustic 
impedances are matched becomes about 11 x 10 4 kg/m 2 /s. Substances that 
satisfy this acoustic impedance are required to be a solid having a small 
density and a low velocity of sound, as is understood from the formula (4). 
25 A material used generally is obtained by encapsulating a glass balloon or a 
plastic balloon in a resin material, which is then formed on a surface of an 
ultrasonic vibrator made of a piezoelectric member. In addition, a method 
of applying thermal compression to hollow glass beads, a method of allowing 
a molten material to foam and the like are used. These methods are 
30 disclosed by, for example, JP 2559144 B. 

The acoustic impedances of these materials, however, are larger 
than 50 x 10 4 kg/m 2 /s, and a material having a smaller acoustic impedance 
is necessary for matching with a gas to obtain high sensitivity. 

The above-described acoustic matching layer is not limited to a 
35 single layer, and it is generally and widely known that the acoustic 
matching layer preferably is configured with a plurality of layers of 
materials having different acoustic impedances so that their acoustic 
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impedances are varied gradually between the acoustic impedances of the 
piezoelectric member as the vibration device and the gas as the emission 
medium of ultrasonic waves. 

It is widely known that to laminate a plurality of acoustic matching 

5 layers each having a thickness adjusted to be about 1/4 of the emission 

wavelength of the ultrasonic waves that pass through the acoustic matching 
layer, where the plurality of layers have different acoustic impedances, is 
effective for widening a band of the ultrasonic transducer. Preferably, the 
plurality of matching layers are configured so that their acoustic 

10 impedances decreases gradually from the acoustic impedance Z0 of the 
piezoelectric member to the acoustic impedance Z3 of the gas as the 
emission medium (Z0>Z3) (See for example "ultrasonic waves handbook" 
published by Maruzen, August 30, 1999, page 108 and page 115). For 
example, as shown in Fig. 14A, it can be considered that the density in the 

15 acoustic matching layer 10 on the side of the piezoelectric member 3 is 
increased, whereas that on the side of the gas as the emission medium is 
decreased. 

From the viewpoint of the principles, the acoustic matching layer 
may be configured with a plurality of layers. However, from the industrial 
20 viewpoint, an acoustic matching layer having a double layer structure is 
effective. That is to say, when consideration is given to the effect from the 
acoustic matching layer made up of a plurality of layers and an increase in 
the cost associated with the configuration, the acoustic matching layer 
having a double layer structure is effective. As an example of the acoustic 
25 matching layer configured with two different layers, JP 6 1(1986)- 169 100 A, 
for example, discloses the following- a laminated polymeric porous film is 
adhered to an ultrasonic wave emission surface of a first matching layer 
with a low density obtained by solidifying a minute hollow material to form 
a double layer structure, whereby the acoustic impedance matching can be 
30 performed effectively, and at the same time the sensitivity of the ultrasonic 
transducer can be improved. 

In the case of the acoustic matching layer having a double layer 
structure, as shown in Fig. 14B, an ideal way is to arrange a matching 
member 11 with a relatively high density as a first layer on the side of the 
35 piezoelectric member 3 and arrange a matching member 12 with a relatively 
low density as a second layer on the side of the gas and to integrate these 
layers. 
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As described above, it is known that the acoustic matching layer 
configured with a plurality of members having different acoustic 
impedances, especially with two different members (layers), is effective in 
terms of the principles. However, there are not so many applications of 
such a configuration. 

The inventors of the present invention have conducted a detailed 
study of the conventional acoustic matching members made up of a plurality 
of different members. As a result, it was found that the conventional 
members have the following three problems" 

The conventional acoustic matching members often are 
manufactured by preparing different materials individually and by 
attaching them or a similar method (e.g., to apply a coating onto a surface). 
As a result, (l) the bonding face between the layers is weak physically, and 
therefore delamination becomes likely to occur during transmission and 
reception of ultrasonic waves due to the vibration, which causes 
malfunctions of the acoustic matching member and of an ultrasonic 
transducer and an ultrasonic flowmeter using the same. (2) When 
attaching different members with a third member such as an adhesive, the 
acoustic matching member assumes a three layer structure practically. 
Therefore, it becomes difficult to design the acoustic matching layer 
optimally. That is to say, the physical properties (density and velocity of 
sound) of the bonding material as an intermediate layer and the shape after 
bonding (thickness of the intermediate layer) cannot be ignored, so that the 
design becomes difficult. Even when the design can be done, the problems 
of limited options for bonding materials and complicated control of the 
thickness of the intermediate layer cannot be avoided. (3) The complicated 
manufacturing method in which different members are prepared 
individually and are attached results in an increase in the manufacturing 
cost of the ultrasonic transducer and of an ultrasonic flowmeter. 

Especially, when a porous member as the low density member is 
selected for the attached acoustic matching member on the above-stated 
grounds of the principles, the bonded surface is not a flat face but many 
voids are present, which means that the practically effective bonding area is 
significantly small. Since the adhesion properties decrease with decreases 
in effective bonding area, the above problem (l) becomes more pronounced. 

In addition, even when the bonding can be done, the bonding 
material used tends to penetrate to the porous member, so that, as shown in 
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Fig. 15, an intermediate layer 13 as a locally formed high density portion 
would be generated at a portion to which the adhesive penetrates. Since 
this intermediate layer 13 is generated from the impregnation of voids of the 
porous member with the adhesive, this layer necessarily has a higher 

5 density than the first layer 11 and the second layer 12. As a result, the 
configuration deviates from the above-stated ideal configuration "to 
configure with a plurality of matching layers so that their acoustic 
impedances decreases gradually from the acoustic impedance ZO of the 
piezoelectric member to the acoustic impedance Z3 of the gas as the 

10 emission medium (Z0>Z3)", thus making the above problem (2) more 

pronounced. Also in the case where a liquid state material is applied to a 
porous member as the first layer, followed by drying and curing so as to 
form the second layer, the generation of an intermediate layer formed by the 
porous member impregnated with the liquid state material cannot be 

15 avoided, and therefore the similar problems would occur. In either case, 
the above-stated problems (l) and (2) become more pronounced. 

SUMMARY OF THE INVENTION 

Therefore, with the foregoing in mind, it is an object of the present 
20 invention to provide an acoustic matching member in which delamination 
hardly occurs so as to have less malfunction, and an ultrasonic transducer, 
an ultrasonic flowmeter using the same and methods for manufacturing 
them. 

To fulfill the above-stated object, an acoustic matching member 
25 according to the present invention, which may be incorporated into an 
ultrasonic transducer for transmitting and receiving ultrasonic waves, 
includes- at least two layers including a first layer and a second layer that 
have different acoustic impedance values from each other. In this acoustic 
matching member, the first layer is made of a composite material of a 
30 porous member and a filling material supported by void portions of the 
porous member, the second layer is made of the filling material or the 
porous member, and the first layer and the second layer are present in this 
" stated order. 

An ultrasonic transducer for transmitting and receiving ultrasonic 
35 waves according to the present invention includes the above* described 

acoustic matching member and a piezoelectric member. In this ultrasonic 
transducer, the piezoelectric member is disposed on a side of the first layer 
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of the acoustic matching member. 

An ultrasonic flowmeter according to the present invention includes 
the above-described ultrasonic transducer. The ultrasonic flowmeter 
further includes: a measurement tube including a flow path through which 
fluid to be measured flows, where a pair of the ultrasonic transducers is 
disposed in the measurement tube on an upstream side and a downstream 
side relative to the flow of the fluid to be measured so as to oppose each 
other; a transmission circuit for causing the ultrasonic transducers to 
transmit ultrasonic waves; a reception circuit for processing ultrasonic 
waves received by the ultrasonic transducers; a transmission/reception 
switching circuit for switching between transmission and reception of the 
pair of ultrasonic transducers; a circuit for measuring a time for ultrasonic 
waves to propagate between the pair of ultrasonic transducers; and a 
calculation unit that converts the propagation time into a flow rate of the 
fluid to be measured. 

A first method for manufacturing an acoustic matching member 
according to the present invention, where the acoustic matching member 
includes at least two layers including a first layer and a second layer that 
have different acoustic impedance values from each other, the first layer is 
made of a composite material of a porous member and a filling material 
supported by void portions of the porous member, the second layer is made 
of the filling material or the porous member, and the first layer and the 
second layer are present in this stated order, includes the steps of- 

(a) filling voids of a porous member with a fluid filling material 
whose volume after solidification is not less than a volume of the voids of the 
porous member; and 

(b) solidifying the fluid filling material inside of the voids and the 
surplus fluid filling material at the same time. 

A second method for manufacturing an acoustic matching member 
according to the present invention, where the acoustic matching member 
includes at least two layers including a first layer and a second layer that 
have different acoustic impedance values from each other, the first layer is 
made of a composite material of a porous member and a filling material 
supported by void portions of the porous member, the second layer is made 
of the filling material or the porous member, and the first layer and the 
second layer are present in this stated order, includes the steps of- 

(a) filling at least one portion of voids of a porous member with a 
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fluid fillin g material; and 

(b) solidifying the fluid filling material inside of the voids. 

A first method for manufacturing an ultrasonic transducer according 
to the present invention, where the ultrasonic transducer for transmitting 
5 and receiving ultrasonic waves includes the above- described acoustic 
matching member and a piezoelectric member, includes the step o£ 
attaching a side of the first layer of the acoustic matching member to a 
surface of the piezoelectric member or to an outer surface of a closed 
container at a position opposed to a disposed position of the piezoelectric 
10 member. 

A second method for manufacturing an ultrasonic transducer 
according to the present invention, where the ultrasonic transducer for 
transmitting and receiving ultrasonic waves includes the above-described 
acoustic matching member and a piezoelectric member, includes the steps 
15 of 

(a) attaching the porous member that does not contain the filling 
material to a surface of the piezoelectric member or to an outer surface of a 
closed container at a position opposed to a disposed position of the 
piezoelectric member; and 
20 (b) then filling the porous member with a fluid filling material and 

solidifying the fluid filling material. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig, 1 is a cross-sectional view schematically showing an acoustic 
25 matching member according to Embodiment 1 of the present invention. 

Fig. 2 is a cross-sectional view schematically showing an acoustic 
matching member according to Embodiment 2 of the present invention. 

Fig. 3 is a cross-sectional view schematically showing an ultrasonic 
transducer according to Embodiment 3 of the present invention. 
30 Fig. 4 is a cross-sectional view schematically showing an ultrasonic 

transducer according to Embodiment 4 of the present invention. 

Fig. 5 is a block diagram showing operations by an ultrasonic 
flowmeter according to Embodiment 5 of the present invention. 

Figs. 6A to C schematically show a method for manufacturing an 
35 acoustic matching member according to Embodiment 6 of the present 
invention. 

Figs. 7A to C schematically show a method for manufacturing an 
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acoustic matching member according to Embodiment 7 of the present 
invention. 

Figs. 8A to D schematically show a method for manufacturing an 
ultrasonic transducer according to Embodiment 8 of the present invention. 

Figs. 9A to E schematically show a method for manufacturing an 
ultrasonic transducer according to Embodiment 9 of the present invention. 

Fig. 10A shows a responsive waveform of an ultrasonic transducer 
according to Example 1 of the present invention, and Fig. 10B shows 
frequency properties of the same ultrasonic transducer. 

Fig. 11 A shows a responsive waveform of an ultrasonic transducer 
according to Example 2 of the present invention, and Fig. 10B shows 
frequency properties of the same ultrasonic transducer. 

Fig. 12 is a cross-sectional view schematically showing a 
conventional ultrasonic transducer. 

Fig. 13 is a diagram for explaining the principles of a conventional 
ultrasonic flowmeter. 

Fig. 14 is a cross-sectional view schematically showing a 
conventional ultrasonic transducer. 

Fig. 15 is a cross-sectional view schematically showing the 
ultrasonic transducer according to the prior art. 

Fig. 16 is a cross-sectional view schematically showing the acoustic 
matching member according to the prior art. 

DETAILED DESCRIPTION OF THE INVENTION 

An acoustic matching member of the present invention includes at 
least two layers including a first layer and a second layer that have different 
acoustic impedance values from each other. The first layer is made of a 
composite material of a porous member and a filling material supported by 
void portions of the porous member, and the second layer is made of the 
filling material or the porous member. Therefore, substances with desired 
acoustic impedance values can be combined. In addition, the first layer 
and the second layer are continuous in their materials so as to be integrated, 
so that delamination between the layers hardly occurs and the acoustic 
matching member has less malfunction. Further, in the absence of an 
adhesive or the like, bubbles are not included between the layers, and a 
phenomenon in which an adhesive is absorbed in the porous member does 
not occur. 
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Any intermediate layers, which are the cause of the above-described 
problems, are not present physically, so that a matching member having the 
ideal structure can be configured and the designing of the same can be done 
easily. 

It is preferable to have a configuration in which the first layer is 
made of a composite material of the porous member and the filling material, 
and the second layer is made of a filling material, which has continuity with 
the filling material of the first layer. Alternatively, it is preferable to have 
a configuration in which the first layer is made of a composite material of 
the porous member and the filling material, and the second layer is made of 
a porous member, which has continuity with the porous member of the first 
layer. 

It is preferable to embody the acoustic matching member according 
to the present invention as follows : 

Firstly, the first layer and the second layer may be configured so 
that an acoustic impedance Zl of the first layer and an acoustic impedance 
Z2 of the second layer have the following relationship: 

Z1>Z2. 

Secondly, the first layer and the second layer may be configured so 
that an apparent density pi of the first layer and an apparent density p2 of 
the second layer have the following relationship: 

pl>p2. 

Thirdly, at least one of the porous member and the filling material 
may be made of an inorganic substance. 

Fourthly, the porous member may be a sintered porous member of 
ceramic or a mixture of ceramic and glass. 

Fifthly, the filling material may be a dry gel made of an inorganic 

oxide. 

Additionally, the closed container of the ultrasonic transducer 
according to the present invention preferably is made of a metal material. 

The following describes embodiments of the present invention in 
detail, with reference to the drawings. 

F,mhn^inrifmt 1 

Embodiment 1 of the present invention is an acoustic matching 
member 100 made up of a first layer 11 and a second layer 12 as shown in 
Fig. 1. The first layer 11 is a composite material made up of a porous 
member 1 and a filling material 2, where a void portion of the porous 



11 



member 1 is impregnated with the filling material, and the filling material 
is cured therein and supported by the void portion. The second layer 12 is 
made of the same material as the filling material in the first layer. There 
exists at least one continuously integrated portion between the filling 

5 material in the first layer 11 and the material of the second layer 12. That 
is to say, the filling material 2 making up the second layer 12 and the filling 
material 2 in the first layer 11 are formed by solidifying simultaneously, so 
that they have physical continuity 

The filling material 2 making up the second layer 12 penetrates 

10 through the interior of the void portions of the porous member in the first 
layer 11 and is cured therein. As a result, the first layer 11 and the second 
layer 12 are bonded strongly because of the effects from the physical shape 
(anchor effects), and there is no layer (intermediate layer) between the first 
layer 11 and the second layer 12. 

15 Since the acoustic matching member according to the present 

invention has the above-described configuration, delamination between the 
two layers making up the acoustic matching member hardly occurs, and the 
absence of any intermediate layers facilitates the design of the acoustic 
matching member. 

20 In the above description, at least one portion having continuity 

means that some discontinuity may be present at one portion due to a crack 
or the like generated during the manufacturing process. 
F.mhnHiTiiPiit 2 

Embodiment 2 of the present invention is an acoustic matching 
25 member 100 made up of two layers including a first layer 11 and a second 
layer 12 as shown in Fig. 2. The first layer 11 is a composite material made 
up of a porous member 1 and a filling material 2, where a void portion of the 
porous member 1 is impregnated with the filling material, and the filling 
material is cured therein and supported by the void portion. The second 
30 layer 12 is made of a portion of the porous member 1 having voids, which 
makes up the first layer 11. The acoustic matching member according to 
Embodiment 2 is configured with two layers by filling the lower layer in one 
porous member 1 with the filling material 2. That is to say, the acoustic 
matching member has the first layer made of the composite material made 
35 up of the skeleton and the void portions of the porous member 1 

impregnated with the filling material 2, where the filling material 2 is cured 
therein, and the second layer made up of only the skeleton of the porous 
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member 1. 

In the first layer 11, the void portions of the porous member 1 are 
impregnated with the filling material 2 so as to be integrated with each 
other, and the second layer 12 is made of the porous member 1. Therefore, 
basically, there is no intermediate layer between the both layers. In 
addition, delamination between the layers hardly occurs, so that the 
acoustic matching layer having high reliability can be obtained. 

Since the acoustic matching member according to the present 
invention has the above-described configuration, delamination between the 
two layers making up the acoustic matching member hardly occurs, and the 
absence of any intermediate layers f acilitates the design of the acoustic 
matching member. 

In Embodiments 1 and 2, for reasons of manufacturing, some 
portions of the voids in the first layer may be kept not being impregnated 
with the filling material. Although a not-impregnated level is not limited 
especially, the level less than 10 volume% would not present any problems 
practically. 

Further, in Embodiments 1 and 2, preferably, the first layer and the 
second layer are configured so that the acoustic impedance Zl of the first 
layer and the acoustic impedance of Z2 of the second layer have a 
relationship of Z1>Z2. In terms of the principles, it is preferable to use a 
matching layer having a configuration where the acoustic impedance 
decreases gradually from the acoustic impedance Z0 of the piezoelectric 
member to the acoustic impedance Z3 of the gas as the emission medium 
<Z0>Z3). 

In addition, in Embodiments 1 and 2, preferably, the first layer and 
the second layer are configured so that an apparent density pi of the first 
layer and an apparent density p2 of the second layer have a relationship of 
pl>p2. Here, the apparent density refers to a value obtained by dividing a 
weight by a volume including the voids. As shown by the above-stated 
formula (4), an acoustic impedance is defined as the product of a density and 
a sound velocity. Therefore, if the sound velocities are at the same level, 
then a larger apparent density would lead to a larger acoustic impedance. 
The acoustic matching member, in both of Embodiment 1 and Embodiment 
2, is configured with the first layer made of the skeleton and the void 
portions of the porous member impregnated with the filling material that is 
cured therein and the second layer made of the filling material or the porous 
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member. Thus, in the acoustic matching member according to the present 
invention, the apparent density pi of the first layer and the apparent 
density p2 of the second layer always have a relationship of pl>p2. In 
terms of the principles, it is preferable to arrange the first layer on the side 
of the piezoelectric member and the second layer on the side of the emission 
medium. 

Further, in Embodiments 1 and 2, at least one of the porous member 
and the filling material preferably is made of an inorganic substance, lb 
configure the acoustic matching member with an inorganic oxide having a 
smaller rate of change in physical properties (density, sound velocity and 
dimensions) relative to the temperature change than that of organic 
substances is preferable, because a change in the properties (output and 
impedance) of an ultrasonic transducer employing such an acoustic 
matching member would decrease relative to the ambient temperature 
change. It is particularly preferable to configure both of the porous 
member and the filling material with inorganic substances. 

In Embodiments 1 and 2, it is preferable to configure the porous 
member with a sintered porous member of ceramic or a mixture of a ceramic 
and a glass. Although any materials that have voids capable of being 
impregnated with a filling material and supporting the filling material are 
applicable as the porous member used in the present invention, in terms of 
the above-stated stability of the physical properties and moreover the 
chemical stability (stability against a measured gas), the use of a sintered 
porous member of ceramic or a mixture of ceramic and glass is preferable. 
Although they are not limited especially, in terms of the matching with the 
gas as the emission medium, the porous member preferably has an apparent 
density from 0.4 g/cm 3 to 0.8 g/cm 3 , and the material of the skeleton 
preferably is a sintered body of Si02 powder or Si02 powder and glass 
powder. 

In addition, in Embodiments 1 and 2, it is particularly preferable to 
configure the filling material with a dry gel of an inorganic oxide. When a 
dry gel is used as the filling material, it is preferable, in terms of the 
reliability, to adopt a configuration where the solid skeleton portion of the 
dry gel has hydrophobic properties. 

As for the filling material, when voids of the porous member are 
filled with the filling material, it needs to have a fluidity enabling the 
impregnation. In addition, after the impregnation, the filling material 
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should have a property of being cured by a certain process (polymerization, 
heat curing, drying, dehydration and the like) so as to be supported within 
the voids of the porous member. 

High polymeric organic substances, dry gels and the like can be 
considered as the candidates, and in terms of the acoustic impedance the 
use of a dry gel of an inorganic oxide is particularly preferable because it 
has a low apparent density and because the use of an inorganic substance is 
preferable. Here, the dry gel is a porous member formed through a sol- gel 
reaction, in which the reaction of a gel raw material fluid allows a skeleton 
portion to be solidified so as to make up a wet gel containing a solvent, and 
the wet gel is dried to remove the solvent. This dry gel is a nano-porous 
member in which a solid skeleton portion in nanometer size forms a series of 
air holes with an average diameter of minute holes in the range of 1 nm to 
100 nm. With this configuration, in a low density state of 0.4 g/cm 3 or less, 
a velocity of sounds propagating through the solid portion becomes 
extremely low, and a velocity of sounds propagating through a gas portion in 
the porous member also becomes extremely low because of the minute holes. 
As a result, the sound velocity becomes 500 m/s or less, which is extremely 
slow, so that a low acoustic impedance can be obtained. Additionally, since 
the minute holes in nanometer size make the pressure loss of gas large, the 
use of them as the acoustic impedance layer allows acoustic waves to be 
emitted at a high sound pressure. As a material of the dry gel, an 
inorganic material, a high polymeric organic material and the like can be 
used, and it is particularly preferable to use a common ceramic obtained by 
a sol-gel reaction such as silicon oxide (silica) and aluminum oxide (alumina) 
as a component of the solid skeleton portion of the dry gel of the inorganic 
oxide. 

In Embodiments 1 and 2, the outer diameters of the first layer and 
the second layer may be different from each other. That is, in the acoustic 
matching member of the present invention, as long as the acoustic matching 
member has two layers and satisfies the above-stated requirements for the 
configuration, the outer diameter of one layer may be larger than those of 
the other layer. 

Furthermore, in Embodiments 1 and 2, in order to enhance the 
sensitivity of an ultrasonic transducer by matching the acoustic impedances 
using the acoustic matching member, the thickness of the acoustic matching 
layer also is a significant factor. That is to say, the transmission strength 
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becomes maximum when the reflectivity of ultrasonic waves becomes 
minimum where the reflectivity is determined with a consideration given to 
the reflection coefficients of the ultrasonic waves passing through the 
acoustic matching layer at a boundary surface between the acoustic 
matching layer and the emission medium and at a boundary surface 
between the acoustic matching layer and the ultrasonic vibrator, and when 
the thickness of the acoustic matching layer is equal to one-fourth of the 
emission wavelength of the ultrasonic waves. Although the thickness is 
not limited especially to the following one, to make the thickness of the first 
layer at about one-fourth of the emission wavelength of the ultrasonic waves 
passing through the acoustic matching layer is effective for improving the 
sensitivity. Similarly, to make the thickness of the second layer at about 
one-fourth of the emission wavelength of the ultrasonic waves passing 
through the acoustic matching layer also is effective, and to make the 
thickness of both of the first layer and the second layer at about one-fourth 
of the wavelength is the most effective. Here, about one-fourth of the 
emission wavelength of the ultrasonic waves refers to a range from 
one-eighth to three-eighth of the wavelength. If the thickness is smaller 
than this range, this layer will not function as the acoustic matching layer, 
and if the thickness is larger than the range, the sensitivity will be 
adversely decreased because the thickness will become closer to the half of 
the wavelength where the reflectivity is at the maximum. 

TCmfrndim ent 3 

Pig. 3 is a cross-sectional view showing an ultrasonic transducer 
according to Embodiment 3 of the present invention. An ultrasonic 
transducer 200 in Fig. 3 is made up of the acoustic matching member 10 
described in the above Embodiment 1 or 2 of the present invention, a 
piezoelectric member 3 and electrodes 4. The acoustic matching member 
10, as described above, has a double layered structure including a first layer 
11 and a second layer 12, and the piezoelectric member 3 is disposed on the 
first layer side of the acoustic matching member. The piezoelectric member 
3, which generates ultrasonic vibrations, is made of a piezoelectric ceramic, 
a piezoelectric single crystal or the like. The piezoelectric member 3 is 
polarized along the thickness direction and has electrodes 4 on the upper 
and lower surfaces. The acoustic matching member 10 functions so as to 
transmit ultrasonic waves to a gas or to receive ultrasonic waves that have 
propagated through a gas, and plays a role of allowing the mechanical 
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vibrations of the piezoelectric member 3 excited by an AC driving voltage to 
propagate through an outside medium effectively as ultrasonic waves and of 
allowing the incoming ultrasonic waves to be converted into voltages 
effectively. The acoustic matching member 10 is formed on one side of the 
piezoelectric member 3 as a surface of transmitting/receiving ultrasonic 
waves. 

Since the ultrasonic transducer according to this embodiment uses 
the acoustic matching member having a double layered structure as its 
acoustic matching layer, the bonding surface between the layers is so strong 
physically that delamination hardly occurs, and as a result, the ultrasonic 
transducer with less malfunction can be obtained. 

Fmhndim ent 4 

Fig. 4 is a cross-sectional view showing an ultrasonic transducer 
according to Embodiment 4 of the present invention. An ultrasonic 
transducer 201 in Fig. 4 is made up of the acoustic matching member 10 
described in the above Embodiment 1 or 2 of the present invention, a 
piezoelectric member 3, electrodes 4, and a closed container 5. 

The piezoelectric member 3, which generates ultrasonic vibrations, 
is made of a piezoelectric ceramic, a piezoelectric single crystal or the like. 
The piezoelectric member 3 is polarized along the thickness direction and 
has electrodes 4 on the upper and lower surfaces. In the ultrasonic 
transducer of Embodiment 4, the piezoelectric member 3 is disposed in the 
closed container 5 and bonded to an inner face of the closed container 5. 
The acoustic matching member 10, as described above, has a double layered 
structure including a first layer 11 and a second layer 12, and the first layer 
11 of the acoustic matching member 10 is disposed on an outer surface of the 
closed container 5 that is opposed to the disposed position of the 
piezoelectric member. Reference numeral 7 of Fig. 4 denotes driving 
terminals, which are respectively connected to the electrodes 4 of the 
piezoelectric member 3. Reference numeral 6 denotes an insulation seal for 
securing electrical insulation of the two driving terminals. 

The ultrasonic transducer having the configuration of Embodiment 4 
is effective in the handling ease due to the provision of the closed container 
5, in addition to the effects from the configuration of the above-described 
Embodiment 3. In addition, the closed container 5 has a function of 
mechanically supporting the configuration. 

It is effective that the closed container 5 has a density of 0.8 g/cm 3 or 
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more and the thickness of the layer for supporting the configuration is less 
than one-eighth of the emission wavelength of ultrasonic waves passing 
through the layer. When selecting these density and thickness, the layer 
for supporting the configuration has a large density and therefore the sound 
velocity becomes large, and the thickness is sufficiently smaller than the 
emission wavelength of ultrasonic waves. In this case, an influence on the 
transmission/reception of the ultrasonic waves by the closed container 
becomes considerably small. 

As a material for the closed container 5, an inorganic material such 
as a metal, ceramic and a glass, and an organic material such as plastic are 
available. Particularly, when an electrically conducting material, 
especially a metal material, is selected as the material constituting the 
closed container, this material doubles as an electrode for vibrating the 
piezoelectric member 3 and for detecting the received ultrasonic waves. 
When flammable gas is to be detected, the closed container 5 allows the 
piezoelectric member 3 to be isolated from the gas. It is preferable to 
purge the inside of the container with an inert gas such as nitrogen. 
Embodiment 5 

Fig. 5 is a cross-sectional view showing one example of an ultrasonic 
flowmeter according to Embodiment 5 of the present invention and a block 
diagram of the same. The ultrasonic flowmeter includes* a measurement 
tube 52 including a flow path 51 through which measured fluid flows; a pair 
of the above-described ultrasonic transducers 101 and 102 that are disposed 
so as to oppose each other on the upstream side and the downstream side, 
respectively; of the flow of the measured fluid; a transmission circuit 53 for 
causing the ultrasonic transducers to transmit ultrasonic waves; a reception 
circuit 54 for processing ultrasonic waves received by the ultrasonic 
transducers; a transmission/reception switching circuit 55 for switching 
between the transmission and the reception of the pair of the ultrasonic 
transducers; an ultrasonic waves propagation time measurement circuit 56 
that is made up of a counter circuit and a clock pulse generation circuit; and 
a calculation unit 57 for converting the propagation time into a flow rate of 
the measured fluid. Reference numeral 58 denotes the clock pulse 
generation circuit and 59 denotes the counter circuit. 

The following describes operations of the ultrasonic flowmeter 
according to the present invention step by step. 

A fluid to be measured, e.g., LP gas, is passed through from left to 
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right on the sheet (the direction indicated by the arrow in the drawing), and 
a transmission signal is transmitted from the transmission circuit 53 at 
fixed intervals. The transmitted signal is transferred firstly to the 
ultrasonic transducer 101 by the transmission/reception switching circuit 55, 
so as to drive the ultrasonic transducer 101. For instance, the driving 
frequency is set at about 500 kHz. Ultrasonic waves are transmitted from 
the driven ultrasonic transducer 101, and the opposed ultrasonic transducer 
102 receives the ultrasonic waves. The received signal is input to the 
reception circuit 54 via the transmission/reception switching circuit 55. 
The transmission signal (T) from the transmission circuit 53 and the 
reception signal (R) from the reception circuit 54 are input to the ultrasonic 
waves propagation time measurement circuit 56 that is made up of the clock 
pulse generation circuit 58 and the counter circuit 59, where a propagation 
time tl is measured. Next, in a converse manner of the measurement of 
the propagation time tl, by using the transmission/reception switching 
circuit 55, ultrasonic pulses are transmitted from the ultrasonic transducer 
102 and the ultrasonic transducer 101 receives the transmitted ultrasonic 
pulses, and then the ultrasonic waves propagation time measurement 
circuit 56 calculates a propagation time t2. 

Here, assuming that a distance connecting the centers of the 
ultrasonic transducers 101 and 102 is L, the sound velocity in the LP gas in 
a no-wind state is C, the flow velocity in the flow path 5 1 is V, and an angle 
between the flow direction of the measured fluid and the line connecting the 
centers of the ultrasonic transducers 101 and 102 is 0, then the flow velocity 
V can be determined from the distance L, the angle 9, and the sound velocity 
C, which are known values, and the measured propagation times tl and t2, 
and the flow rate can be determined from the flow velocity V, whereby the 
flowmeter can be configured. 

Embodiment 6 shows a method for manufacturing an acoustic 
matching member, which will be described with reference to Figs. 6A to 6C. 
Firstly, a porous member having voids is prepared (Fig. 6A). As the porous 
member, any one of an inorganic substance, an organic substance and a 
composite member of an inorganic substance and an organic substance can 
be used as long as it has holes capable of being filled with a f i llin g material 
at a later process. However, as previously mentioned, a ceramic porous 
member is preferable in terms of the acoustic matching. More specifically, 
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such a porous member can be manufactured as follows; mixed powder of 
ceramic powder and glass powder, organic spheres having an appropriate 
particle size and an aqueous solution containing a binder resin are stirred 
and mixed, which is shaped into a desired form, following heat treatment for 

5 removing the organic spheres, the binder resin and water, so that a sintered 
body of the ceramic powder and the glass powder only remains. 

Next, a fluid filling material is prepared in the amount not less than 
a volume of the void portions of the porous member. As shown in Fig. 6B, a 
porous member 1 is placed in a petri dish or the like as a container 8, and 

10 the void portions are filled with the prepared fluid filling material 21. 

Next, the fluid filling material within the voids and the surplus fluid 
filling material are solidified at the same time. Finally, the solidified 
member is taken out of the container 8 and is shaped into a desired form, so 
that an acoustic matching member 100 as shown in Fig. 6C can be 

15 manufactured. 

As for the filling material, when the voids of the porous member are 
impregnated with the filling material, it needs to have a fluidity enabling 
the impregnation. In addition, after the impregnation, the filling material 
should have a property of being cured by a certain process (polymerization, 

20 heat curing, drying, dehydration and the like) so as to be supported within 
the voids of the porous member. 

According to the manufacturing method of the present invention, the 
fluid filling material prior to the solidification with which the void portions 
are impregnated and the surplus fluid filling material out of the void 

25 portions are solidified at the same time. As a result, the acoustic matching 
member as shown in Fig. 1, which has a double layered structure, can be 
manufactured where the filling material 2 making up the second layer and 
the filling material 2 filled in the first layer have the physical continuity. 
In addition, unlike the conventional manufacturing method in which the 

30 first layer and the second layer are manufactured separately and then these 
layers are bonded with a different material, according to the manufacturing 
method of the present invention, there are no different layers (intermediate 
layers) between the first and the second layers, and the design of the layer 
also can be conducted easily. 

35 In this way, by using the manufacturing method according to 

Embodiment 6, an excellent acoustic matching member as described in 
Embodiment 1 can be manufactured easily. 
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Embodiment 7 

Embodiment 7 shows a method for manufacturing an acoustic 
matching member. This embodiment basically is the same as the above 
Embodiment 6 in that void portions are filled with a fluid filling material, 
and then the filling material is solidified to form an acoustic matching 
member having two layers. Also, the same materials as in Embodiment 6 
can be used. This embodiment will be described below, with reference to 
Figs. 7Ato 7C. 

According to the manufacturing method of this embodiment, a 
porous member 1 having voids is prepared (Fig. 7A) and a fluid fillin g 
material 21 is prepared in a similar manner to that in the above 
Embodiment 6. Next, as shown in Fig. 7B, at least one portion of the voids 
is filled with the fluid filling material 2 1, and then the fluid filling material 
within the voids is solidified. Finally, the solidified member is taken out of 
the container 8 and is shaped into a desired form, so that an acoustic 
matching member 100 having the first layer made up of the composite 
material of the porous member and the filling material and the second layer 
made up of the porous member only can be manufactured. 

As shown in Fig. 2, the first layer of the acoustic matching member 
obtained by the manufacturing method of the present invention is made up 
of the composite material of the porous member and the filling material, 
where the void portions of the porous member are filled with the fillin g 
material, which is solidified therein. The second layer is made up of one 
portion of the porous member of the first layer, and the skeleton of the 
porous member of the first layer and the skeleton of the porous member 
constituting the second layer have the continuity. Therefore, according to 
this manufacturing method, there are no different layers (intermediate 
layers) generated between the first and the second layers, so that from the 
similar grounds described in Embodiment 6, delamination hardly occurs and 
an acoustic matching member with a high reliability can be obtained as 
compared with the conventional method in which individual layers are 
prepared in advance and they are attached to each other, and the design of 
such a layer can be conducted easily. 

In this way, by using the manufacturing method according to 
Embodiment 7, an excellent acoustic matching member as described in 
Embodiment 2 can be manufactured easily. 
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Embodiment 8 

Embodiment 8 shows a method for manufacturing an ultrasonic 
transducer, which will be described with reference to Figs. 8Ato 8D. 
Firstly, the acoustic matching member 100 obtained by the manufacturing 
method of the present invention, a cover portion of a closed container 5 and 
a piezoelectric member 3 are prepared (Figs. 8A and 8B), and the first layer 
side of the acoustic matching member is attached to a surface of the 
piezoelectric member or to an outer surface of the closed container that is 
opposed to the disposed position of the piezoelectric member (Fig. 8C). 
Although a method for the attachment is not limited especially, it is 
preferable to use an epoxy based resin adhesive or an epoxy based resin 
sheet material, which is applied or disposed between the closed container 5, 
the piezoelectric member 3 and the acoustic matching member, followed by 
the application of pressure and heat so as to be cured and bonded. Finally, 
by forming a desired wiring and driving terminals, an ultrasonic transducer 
201 as shown in Fig. 8D can be manufactured. 

Although Fig. 8D shows a case of using the closed container, the first 
layer side of the acoustic matching member may be attached directly to the 
piezoelectric member. In such a case, the ultrasonic transducer as shown 
in Fig. 3 can be manufactured. 

According to this manufacturing method, since the acoustic 
matching member having a double layered structure is used as the acoustic 
matching layer, the bonding surface between the layers is so strong 
physically that delamination hardly occurs, and as a result, the ultrasonic 
transducer with less malfunction can be obtained. 
Embodiments 

Embodiment 9 shows another method for manufacturing an 
ultrasonic transducer, which will be described with reference to Figs. 9A to 
9E. 

According to this manufacturing method, firstly as shown in Figs. 9A 
and 9B, only a porous member 1 that does not include a filling material is 
prepared, and is attached to a surface of the piezoelectric member 3 or to an 
outer surface of the closed container 5 that is opposed to the disposed 
position of the piezoelectric member (Fig. 9C). Next, void portions of the 
porous member are filled with a fluid filling material 21, which is then 
solidified (Fig. 9D), so as to obtain an ultrasonic transducer 201 integrally 
including an acoustic matching member 100 (Fig. 9E). 
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A container 8 of Fig. 9D is for supporting the fluid filling material 2 1 
prior to solidification when forming the filling material, so as not to prevent 
the filling material from flowing, and therefore it is preferable to remove the 
container 8 from the finished product. However, in order to enhance the 
mechanical strength of the ultrasonic transducer, the container may remain 
in the finished product. 

This manufacturing method is effective for improving the 
productivity when a material having a low apparent density and a low 
mechanical strength after solidification is selected as the filling material. 
That is to say, according to this manufacturing method, the porous member 
whose mechanical strength is larger than that of the filling material after 
solidification is bonded to the closed container or the piezoelectric member 
in advance, and finally the filling material having a relatively low 
mechanical strength is formed. As described in Embodiment 8, the use of 
an epoxy based resin adhesive is preferable for bonding of the matching 
member and the like, and the application of pressure is essential for 
securing an adequate adhesion. Especially in the case of the acoustic 
matching member shown in Fig. 1 where the filling material 21 is exposed 
from the surface on the emission medium side for ultrasonic waves, during 
the application of pressure for bonding, the filling material might collapse, 
which makes it difficult to manufacture the ultrasonic transducer. On the 
other hand, according to the manufacturing method of the present invention, 
since the filling material is formed after the bonding of the member, 
pressure is not applied after the formation of the filling material. 
Therefore, the ultrasonic transducer can be manufactured easily. 

According to the acoustic matching member of the present invention, 
although it is configured with a plurality of layers, there is no independent 
intermediate layer between the layers, so that delamination between layers 
hardly occurs and the difficulty in the designing associated with the 
presence of intermediate layers can be avoided. In addition, according to 
the manufacturing method of the present invention, the above-described 
acoustic matching member can be manufactured easily, and therefore the 
manufacturing cost can be reduced. 

Furthermore, the ultrasonic transducer and the ultrasonic 
flowmeter that employ the acoustic matching member of the present 
invention can realize favorable properties and have less malfunction by 
virtue of the acoustic matching member of the present invention having the 
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above-described properties. Moreover, according to the present invention, 
their manufacturing method is simple, so that an increase in the 
manufacturing cost associated with the complexity of the manufacturing 
method can be suppressed. 
Examples 

The following describes specific examples of the present invention. 
Example 1 

In Example 1, the acoustic matching member described in 
Embodiment 1 and the ultrasonic transducer described in Embodiment 4 
were manufactured by the manufacturing methods described in the above 
Embodiment 6 and Embodiment 9, which will be described below, mainly 
referring to Figs. 9 A to 9E. 
(l) Formation of Porous Member 

As a material for forming the skeleton of the porous member, SiC>2 
powder with an average particle diameter of 0.9 |im and CaO-BaO-Si02 
based glass frit with an average particle diameter of 5.0 jim were mixed at a 
weight ratio of 1-1, which was milled with a ball mill into ceramic mixed 
powder with an average particle diameter of 0.9 pm. The obtained ceramic 
mixed powder and minute spheres made of acrylic resin ("Chemisnow"; 
trade name produced by Soken Chemical & Engineering Co., Ltd.) were 
mixed at a volume ratio of 1-9. Then, a binder containing polyvinyl alcohol 
as a main component was added thereto, followed by kneading so as to 
manufacture granulation powder with a particle diameter of 0.1 to 1 mm. 
The granulation powder was put in a disk molding press jig, followed by the 
application of the pressure at 10,000 N/cm 2 for 1 minute so as to obtain a 
dry molded disk with a diameter of 20 mm and a thickness of 2 mm. Next, 
this dry disk was subjected to heat treatment at 400°C for 4 hours for 
baking and removing the acrylic resin spheres and the binder, followed by 
baking at 900°C for 2 hours so as to obtain a ceramic porous member as the 
porous member 1. The thus obtained ceramic porous member had an 
apparent density of 0.65 g/cm 3 and a void content of 80 volume%, which 
realized the sound velocity of 1800 m/sec that equaled an acoustic 
impedance of about 1.2 x 10 6 kg/m 3 sec. The obtained porous member was 
ground and adjusted to have a diameter of 12 mm and a thickness of 0.85 
mm. 

(2) Piezoelectric Member and Container 

Electrodes were formed on upper and lower surfaces of a lead 
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zirconate titanate (PZT) ceramic member having a desired size, which was 
polarized to form a vibrator. The thus obtained vibrator was used as the 
piezoelectric member 3. A stainless case made of stainless steel was 
prepared as the closed container 5. 

(3) Bonding of Porous Member 

The obtained ceramic porous member as the porous member 1, the 
stainless case as the closed container 5 and the vibrator as the piezoelectric 
member 3 were arranged with an epoxy based resin adhesion sheet (product 
number; T2100 produced by Hitachi Chemical Co., Ltd.) having a thickness 
of 25 urn interposed therebetween and were laminated as shown in Fig. 9C. 
Then, a load at 100 N/cm 2 was applied thereto from the upper and lower 
directions in the drawing, followed by the application of heat at 150°C for 2 
hours to allow the layers to be bonded and integrated. 

(4) Formation of Filling Material 

At the acoustic matching layer portion of the thus bonded and 
integrated member, a ring made of polytetrafluoroethylene with an internal 
diameter of 12 mm, a height of 1. 5 mm and a wall thickness of 0.5 mm was 
fitted as the container 8. Next, about 0.1 cm 3 of gel raw material fluid 
containing tetramethoxysilane, ethanol, and aqueous ammonia solution (0.1 
normal solution), which were present in a mol ratio of 1-3-4, was poured as 
the fluid filling material 21 into the container 8 from above of the ceramic 
porous member with an attention paid so as not leave air bubbles within the 
voids of the porous member. Thereafter, the thus poured gel solution as the 
fluid filling material became gel to be solidified as a silica wet gel. The 
thus obtained wet gel was subjected to super critical drying in carbon 
dioxide at 12 MPa and 50°C so as to form a silica dry gel as the filling 
material 2. The second layer of the acoustic matching member, i.e., a 
portion made of the filling material 2 only, had a thickness of 0.085 mm. 
The silica dry gel alone, i.e., the second layer portion, had a density of 0.2 
g/cm 3 and a sound velocity of 180 m/s. 

(5) Formation of Ultrasonic Transducer 

The ring made of polytetrafluoroethylene as the container 8 was 
removed, and finally the ultrasonic transducer 201 as shown in Fig. 9E was 
obtained. 

As stated above, the ultrasonic transducer according to Example 1, 
which was obtained from the operations in accordance with the 
manufacturing method of the above-described Embodiment 9, corresponds 
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to the ultrasonic transducer described in the above Embodiment 4. This 
ultrasonic transducer uses the acoustic matching member described in the 
above Embodiment 1, which was obtained in accordance with the 
manufacturing method of the above Embodiment 6. 

As for the thus obtained ultrasonic transducer, its. 
transmission/reception properties were estimated for ultrasonic waves at 
500 kHz. An ultrasonic flowmeter was formed by opposing a pair of the 
thus manufactured ultrasonic transducers. Then, when rectangular waves 
at 500 kHz were sent out from one of the ultrasonic transducers and the 
other ultrasonic transducer received the rectangular waves, the output 
waveforms were estimated. Fig. 10A and 10B show one example of the 
estimation. Fig. 10A shows a responsive waveform of the ultrasonic 
transducer of Example 1, which has a sharp rising edge and a suitable 
waveform for measuring in the application as a flowmeter. Fig. 10B shows 
the results of the frequency properties, where the ultrasonic transducer 
having a wide frequency band with its center at 500 kHz could be obtained. 

The ultrasonic transducer according to this example, which includes 
the acoustic matching member configured with two layers, has no 
intermediate layers between the two layers, so that delamination hardly 
occurs, and is an excellent ultrasonic transducer that is easy to be designed 
and manufactured. 
Example 2 

In Example 2, the acoustic matching member described in 
Embodiment 2 and the ultrasonic transducer described in Embodiment 4 
were manufactured by the manufacturing methods described in the above 
Embodiment 7 and Embodiment 8, which will be described below, mainly 
referring to Figs. 7Ato 7C and Figs. 8Ato 8D. 
(l) Formation of Acoustic Matching Member 

A ceramic porous member, as the porous member 1, was obtained by 
grinding the porous member, which was obtained by the same 
manufacturing method described in detail in the above Example 1, to have a 
thickness of 1.25 mm. The obtained porous member, as shown in Fig. 7A, 
was disposed in a petri dish made of polytetrafluoroethylene as the 
container 8, and a portion of the void portion of the ceramic porous member 
was impregnated with a desired amount of epoxy resin containing a filler 
(alumina (AI2O3) powder with an average particle diameter of about 1 jim) 
as the fluid filling material 21 as shown in Fig. 7B, followed by heating to 
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cure the epoxy resin. The impregnation was conducted under a slightly 
reduced pressure so as to allow the filling material to flow through the void 
portions sufficiently for the impregnation. The thermosetting epoxy resin 
containing a filler alone as the filling material 2 had physical properties of a 

5 density of 4.5 g/cm 3 and a sound velocity of 2,500 m/s. 

Following this, the surplus epoxy resin out of the voids of the 
ceramic porous member was ground and removed so as to obtain the 
acoustic matching member 100 in Fig. 2 as described in Embodiment 2 of 
the present invention. 

10 Through these operations, the acoustic matching member having the 

first layer made of the composite material made up of the skeleton and the 
void portions of the porous member 1 impregnated with the filling material 
2 that was cured therein and the second layer made up of the skeleton of the 
porous member 1 only was obtained. The thickness of the first layer was 

15 0.4 mm and the thickness of the second layer was 0.85 mm. 

(2) Piezoelectric Member and Container 

The same piezoelectric member and the container as described in 
the above Embodiment 1 were used. 

(3) Bonding of Acoustic Matching Member 

20 The obtained acoustic matching member, a stainless case as the 

closed container 5 and a vibrator as the piezoelectric member 3 were 
arranged with an epoxy based resin adhesion sheet (product number; T2100 
produced by Hitachi Chemical Co., Ltd.) having a thickness of 25 |im 
interposed therebetween and were laminated as shown in Fig. 8C. Then, a 

25 load at 100 N/cm 2 was applied thereto from the upper and lower directions 
in the drawing, followed by the application of heat at 150°C for 2 hours to 
allow the layers to be bonded and integrated. 

(4) Formation of Ultrasonic Transducer 

Finally, an ultrasonic transducer 201 as shown in Fig. 8D was 
30 obtained. 

As stated above, the ultrasonic transducer according to Example 2, 
which was obtained from the operations in accordance with the 
manufacturing method of the above-described Embodiment 8, corresponds 
to the ultrasonic transducer described in the above Embodiment 4. This 
35 ultrasonic transducer uses the acoustic matching member described in the 
above Embodiment 2, which was obtained in accordance with the 
manufacturing method of the above Embodiment 7. 
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Similarly to the above Example 1, the thus obtained ultrasonic 
transducer's transmission/reception properties were estimated for ultrasonic 
waves at 500 kHz. Figs. 11A and 11B show one example of the estimation. 
Fig. 11 A shows a responsive waveform of the ultrasonic transducer of 
Example 2, which has a sharp rising edge and a suitable waveform for 
measuring in the application as a flowmeter. Fig. 11B shows the results of 
the frequency properties, where the ultrasonic transducer having a wide 
frequency band with its center at 500 kHz could be obtained. 

The ultrasonic transducer according to this Example 2, which uses 
the acoustic matching member of the present invention made up of two 
layers like the above Example 1, has no intermediate layers between the 
two layers, so that delamination hardly occurs and is an excellent ultrasonic 
transducer that is easy to be designed and manufactured. 
Comparative Ex ample 1 

This comparative example shows an example in which an acoustic 
matching member is manufactured in accordance with the conventional 
technology, which will be described with reference to Fig. 16. 

(1) Formation of a First Layer 

As a first layer, a porous member obtained by the same manner as in 
Example 1 was used. That is to say, a ceramic porous member with an 
apparent density of 0.65 g/cm 3 and a void content of 80 volume% was ground 
and adjusted to have a diameter of 12 mm and a thickness of 1.2 mm to form 
the first layer. 

(2) Formation of a Second Layer 

Similarly to Example 1, a gel raw material fluid containing 
tetramethoxysilane, ethanol, and aqueous ammonia solution (0.1 normal 
solution), which were tailored to have a mol ratio of 1-3*4, was allowed to 
stand in the natural condition at room temperatures for 24 hours to become 
gel, so as to obtain a wet gel. This wet gel was cut into a size of about 12 
mm in diameter and 3 mm in thickness, and was put onto a surface of the 
ceramic porous member as the first layer, followed by supercritical-drying in 
carbon dioxide at 12 MPa and 50°C so as to form a silica dry gel as a second 
layer. 

In accordance with the above method, the manufacturing of an 
acoustic matching member having a double layer structure including the 
ceramic porous member as the first layer and the silica dry gel as the second 
layer was attempted. 
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In accordance with a similar method, the manufacturing of five 
acoustic matching members was attempted. However, in three out of the 
five pieces, the first layer and the second layer were separated after drying 
or a crack occurred in the second layer, so that acoustic matching members 
having a double layer structure could not be obtained. It can be considered 
that this was because the ceramic porous member as the first layer did not 
have a flat surface, so that a substantially effective bonding area could not 
be obtained to realize sufficient bonding. 

As for the remaining two pieces, when their cross -sectional 
configuration was observed, an intermediate layer 13 of about 0.050 to 0.100 
mm in size, in which the void portions of the porous member were 
impregnated with the silica dry gel, was found between the first layer 11 
and the second layer 12. It can be estimated that this intermediate layer 
13 has an apparent density of 0.81 g/cm 3 (=0.65 + (0.2 x 0.8)) because this 
was formed by impregnating the void portions (voidage- 80 volume%) of the 
porous member having an apparent density of 0.65 g/cm 3 with the silica dry 
gel having an apparent density of 0.2 g/cm 3 . 

Therefore, the apparent density of the intermediate layer was higher 
than the apparent density pi of the first layer (0.65 g/cm 3 ), which deviated 
from the previously described ideal configuration, "to configure with a 
plurality of matching layers so that their acoustic impedances decreases 
gradually from the acoustic impedance Z0 of the piezoelectric member to the 
acoustic impedance Z3 of the gas as the emission medium (Z0>Z3)". 

The invention may be embodied in other forms without departing 
from the spirit or essential characteristics thereof. The embodiments 
disclosed in this application are to be considered in all respects as 
illustrative and not limiting. The scope of the invention is indicated by the 
appended claims rather than by the foregoing description, and all changes 
which come within the meaning and range of equivalency of the claims are 
intended to be embraced therein. 
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